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Development of Method for Synthesis of Pt–Co Cathode
Catalysts for PEM Fuel Cells
Xuguang Li,* Héctor R. Colón-Mercado, Gang Wu,
Jong-Won Lee, and Branko N. Popov**,z
Center for Electrochemical Engineering, Department of Chemical Engineering, University of
South Carolina, Columbia, South Carolina 29208, USA
A procedure was developed to synthesize a platinum–cobalt Pt–Co alloy electrocatalyst for oxygen reduction using Co/C
composite as a support. The Pt–Co/C catalysts were synthesized through: i chemical oxidation of carbon black, ii Co deposi-
tion on the oxidized carbon using a chelation method, iii chemical treatment in an acidic medium to remove excess of Co on the
carbon surface, iv Pt deposition onto the Co/C support, and v postheat treatment to form the Pt–Co alloy catalyst. The
synthesized Pt–Co/C catalyst showed improved activity and long-term stability in polymer electrolyte membrane PEM fuel cells
when compared with a conventional Pt–Co/C catalyst. The electron probe microanalysis combined with scanning electron mi-
croscopy indicated that the Co content in the alloy catalyst remains stable without poisoning of the electrolyte membrane during
long-term operation.
© 2007 The Electrochemical Society. DOI: 10.1149/1.2777009 All rights reserved.
Manuscript submitted July 16, 2007; revised manuscript received August 7, 2007. Available electronically September 4, 2007.
Alloying platinum with transition metals increases a catalytic
activity of Pt-based catalyst for the oxygen reduction reaction in
polymer electrolyte membrane PEM fuel cells. According to litera-
ture, the observed increase of catalytic activity results from: i in-
crease in the resistance to particle sintering, ii surface roughening
due to removal of some alloying metal that increases the Pt surface
area, iii preferential crystal orientation, and iv a more favorable
Pt–Pt interatomic distance.1-6
Among various Pt alloy catalysts, Pt–Co is considered to be the
most promising alloy catalyst due to its relatively high activity and
stability in acidic environments. Conventional Pt–Co/C catalyst is
prepared by depositing cobalt colloid onto a Pt/C catalyst from
aqueous solutions of cobalt salt such as CoNO32 and CoSO42
i.e., surface modification of Pt particles by Co, followed by
postheat treatment at 700–1000°C under inert or reducing
atmosphere.7-19
It has been reported that the alloying elements act as an anchor
on the carbon support, thereby inhibiting the Pt migration and ag-
gregation in the alloy catalysts.8,20 However, even well-alloyed Co
elements were found to leach out of Pt–Co alloy under acidic fuel
cell environments, leaving a Pt-enriched surface.8 Dissolution of Co
elements from the alloy catalyst results in not only the loss of in-
trinsic catalytic activity, but also the poisoning of membrane elec-
trode assembly MEA via ion exchange between Co ions and pro-
tonic sites in both Nafion membrane and the ionomer inside the
catalyst layer. Consequently, these phenomena cause a significant
degradation of long-term performance of PEM fuel cells.8
Our previous study demonstrated that highly active Co/C cata-
lysts can be prepared through a chelation method, by supporting
Co–N complexes on a carbon black followed by heat treatment at
elevated temperatures.21-23 Oxygen functional groups introduced on
the carbon surface with an acid treatment improved the dispersion of
Co–N complexes, resulting in enhanced catalytic activity and selec-
tivity towards four-electron oxygen reduction. In this work, a meth-
odology was developed to synthesize the Pt–Co/C catalyst with high
activity and stability, using the Co/C composite as a support. The
Co/C was synthesized using a chelation method developed by our
group, and then treated in an acidic medium to remove excess Co on
the carbon surface. Next, Pt was deposited onto the Co/C support,
followed by postheat treatment to form the Pt–Co alloy catalyst. The
catalytic activity and stability of Pt–Co/C catalyst were evaluated in
PEM fuel cells and compared with those of a conventional Pt–Co/C
catalyst currently in use in MEA.
Experimental
Preparation of cobalt/carbon composite support.— As-received
carbon black Ketjen Black EC 300J was treated with 9.8 M HNO3
solution at 80°C for 7 h under refluxing conditions, in order to
introduce oxygen functional groups onto the carbon surface. The
oxidized carbon specimen was rinsed with deionized water, fol-
lowed by drying under vacuum at 80°C.
A cobalt–nitrogen chelate complex CoNx was deposited onto
the oxidized carbon using CoNO32 Aldrich, 98% and ethylene
diamine H2NCH2CH2NH2 as Co and N precursors, respectively.
21
A desired amount of ethylene diamine was added slowly into
0.015 M CoNO32 solution in ethanol, followed by the addition of
the oxidized carbon powder under stirring conditions. The molar
Co:N ratio in the reaction mixture was maintained at 1:16. The
reaction mixture was refluxed at 85°C for 4 h, followed by drying
under vacuum at 80°C. The resulting Co-deposited carbon was sub-
jected to heat treatment in an argon atmosphere at 700°C and at
8.8 MPa for 3 h. The heat-treated Co/C sample was treated with
0.5 M H2SO4 at 25°C for 2 h to remove excess Co on the carbon
surface.
Platinum deposition on cobalt/carbon support.—
4.0 mM H2PtCl6 and 0.27 M HCl solutions were mixed with deion-
ized water containing the Co/C support; 2.0 M sodium formate
HCOONa solution was added slowly to the reaction mixture, fol-
lowed by refluxing at 80°C for 20 h. The resulting Pt–Co/C sample
was rinsed with deionized water, and then was dried under vacuum
at 80°C for 12 h. Finally, the Pt–Co/C catalyst was heat treated in
an argon atmosphere at 800°C for 1 h.
Performance test of membrane-electrode assemblies.— The
cathode catalyst ink was prepared by ultrasonically blending
Pt–Co/C catalyst powder with Nafion solution 5 wt % and isopro-
pyl alcohol for 4 h. The catalyst ink was then sprayed onto a gas
diffusion layer GDL ELAT LT 1400W, E-TEK until a total metal
loading of 0.4 mg cm−2 has been achieved. A commercially avail-
able catalyzed GDL LT140EW low temperature GDE microporous
layer, E-TEK was used as the anode for all fuel cell tests. The
anode catalyst was 30 wt % Pt/C and the Pt loading was
0.5 mg cm−2. A thin layer of Nafion 0.4 mg cm−2 was coated on
both the cathode and anode surfaces. The Nafion-coated anode and
cathode were hot pressed to a Nafion 112 membrane at 140°C and at
534 kPa for 3 min. The geometric area of the MEA used was 5 cm2.
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The MEA tests were carried out in a single cell with serpentine
flow channels. Pure H2 gas humidified at 77°C and pure O2 gas
humidified at 75°C were supplied with a flow rate of 150 cm3 min−1
to the anode and cathode compartments, respectively. Polarization
experiments were conducted with a fully automated test station
Fuel Cell Technologies Inc. at 75°C and at ambient pressure. In
order to evaluate the stability of catalyst and MEA, galvanostatic
potential transient technique was performed by applying a constant
current density of 1.0 A cm−2. Polarization measurements were pe-
riodically carried out to determine the MEA performance during
stability testing.
Materials characterizations.— Inductively coupled plasma-mass
spectroscopy ICP-MS was conducted with an SCIEX ELAN
DRCe ICP-MS system Perkin-Elmer to analyze the catalyst com-
position. In order to identify the crystal structure of the synthesized
catalyst, powder X-ray diffraction XRD patterns were recorded
with a Rigaku 405S5 using a Cu K radiation at a scan rate of
1.5° min−1. To determine the particle size of the catalyst, transmis-
sion electron microscopy TEM was carried out using a high-
resolution JEOL 2010F TEM system operated with LaB6 filament at
200 kV. Backscattering scanning electron microscopy BSEM
ESEM FEI Quanta 200 and electron probe microanalysis EPMA
Cameca SX 50 were performed to determine the cathode catalyst
layer thickness and the concentration profiles of Pt and Co across
the MEA.
Results and Discussion
Table I summarizes the compositions of the leached Co/C sup-
port and the heat-treated Pt–Co/C catalyst analyzed by ICP-MS
technique. The Co concentration in the leached Co/C support was
3.0 wt %. The Pt–Co/C catalyst consisted of 16.8 wt % Pt and
2.7 wt % Co i.e., the total metal loading of 19.5 wt %. The ICP
analysis indicates no loss of Co during electroless deposition of Pt
from acidic H2PtCl6–HCl solution.
Figures 1a and b present the TEM images of the leached Co/C
support and the heat-treated Pt–Co/C catalyst, respectively. The
metal particle size distributions PSDs determined from the TEM
images are shown in Fig. 1c along with the data for a conventional
Pt–Co/C catalyst 20 wt % Pt3Co1/C, E-TEK. As shown in Fig. 1a
and c, Co particles are highly dispersed on the oxidized carbon black
Table I. Compositions of the leached Co/C support and the heat-
treated Pt–Co/C catalyst determined by ICP-MS.
Sample Concentration wt %
C Co Pt
Co/C
after leaching in H2SO4
97.0 3.0 ¯
Pt–Co/C
after heat treatment at 800°C
80.5 2.7 16.8
Figure 1. TEM images of a the leached
Co/C support and b the heat-treated
Pt–Co/C catalyst, and c metal particle
size distributions determined from the
TEM images.
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showing a narrow size distribution, and the average particle size was
determined to be approximately 2.8 nm. The synthesis of Co/C sup-
port involves carbon oxidation in HNO3 solution as described in the
preceding section. Our previous study showed that quinone-type
oxygen groups formed onto the carbon surface during carbon oxi-
dation improve the dispersion of Co particles on the carbon black by
facilitating the adsorption of Co-ethylene diamine complex.21 Upon
Pt deposition on the Co/C support, the average particle size slightly
increased to 3.4 nm, while the shape of PSD curve remained nearly
unchanged. No agglomeration of catalyst particles on the support is
observed in Fig. 1b. The Pt–Co/C catalyst prepared in this study
shows a smaller mean particle size and a narrower PSD, as com-
pared with the conventional catalyst 3.8 nm.
Figure 2 presents the powder XRD patterns of the unheat-treated
and heat-treated Pt–Co/C catalysts. The XRD pattern of the unheat-
treated Pt–Co/C catalyst shows the characteristic diffraction peaks
of the face centered cubic structure at 2 = 39.7, 46.2, and 67.5°
that correspond to 111, 200, and 220 planes, respectively. The
diffraction peaks became sharper upon postheat treatment, indicat-
ing increased crystallite or particle sizes. Further, the diffraction
peaks shifted slightly towards higher Bragg angles, which indicates
a decreased lattice constant due to the formation of Pt–Co alloy.9 In
fact, the fcc lattice parameters of the unheat-treated and heat-treated
Pt–Co catalysts were estimated to be 0.3919 and 0.3893 nm, respec-
tively, from the XRD data in Fig. 2.
Figure 3 shows polarization curves of the PEM fuel cells pre-
pared with three different catalysts namely: i Co/C composite, ii
unheat-treated Pt–Co/C, and iii heat-treated Pt–Co/C. The fuel cell
with the Co/C catalyst exhibited current densities of 0.78 A cm−2 at
0.4 V and 1.76 A cm−2 at 0.2 V at ambient pressure. The synthesis
route based on carbon oxidation and chelation produces Co/C with a
superior catalytic performance than those previously reported.7 Be-
sides the fact that both Pt–Co/C catalysts contains the same amounts
of Pt and Co, the heat-treated catalyst exhibits much higher activity,
e.g., 1.40 A cm−2 at 0.6 V, when compared with the unheat-treated
catalyst 0.67 A cm−2. An enhanced activity of the heat-treated
Pt–Co/C catalyst results from the alloy formation of Pt and Co, as
indicated by the XRD analysis in Fig. 2.
Figure 4 compares polarization curves of the PEM fuel cells with
the Pt–Co/C catalyst developed in this study and a conventional
Pt–Co/C catalyst 20 wt % Pt3Co1, E-TEK. The Pt–Co loading in
the MEA was maintained at 0.4 mg cm−2 for both catalysts. The
measured current density was normalized with respect to the Pt
loading in the MEA because of a small difference in Pt concentra-
tions in the two catalysts. The polarization measurements clearly
show that the new Pt–Co/C catalyst leads to a superior fuel cell
performance to the conventional catalyst over the whole potential
range. At 0.6 V, the current density for the new Pt–Co/C catalyst
was 4.2 A mgPt
−1 in comparison to 3.3 A mgPt
−1 for the conventional
catalyst, i.e., a performance increase of approximately 26%. Based
Figure 2. Powder XRD patterns of the unheat-treated and heat-treated
Pt–Co/C catalysts. The fcc lattice parameters, afcc, determined from the XRD
data are given in the figure.
Figure 3. Polarization curves of the PEM fuel cells prepared with i Co/C,
ii unheat-treated Pt–Co/C, and iii heat-treated Pt–Co/C. The experiments
were performed under the following conditions: i Pt loading on the
anode = 0.5 mg cm−2, ii H2 flow rate = 150 cm
3 min−1, iii O2 flow rate
= 150 cm3 min−1, and iv cell temperature = 75°C.
Figure 4. Polarization curves of the PEM fuel cells with the Pt–Co/C cata-
lyst developed in this study and the conventional Pt–Co/C catalyst. The
experiments were performed under the following conditions: i Pt loading
on the anode = 0.5 mg cm−2, ii Pt–Co loading on the cathode
= 0.4 mg cm−2, iii H2 flow rate = 150 cm
3 min−1, iv O2 flow rate
= 150 cm3 min−1, and v cell temperature = 75°C. The measured current
density was normalized with respect to the Pt loading in the MEA.
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on the above results, the improved catalytic activity of the new
Pt–Co/C catalyst over the conventional catalyst may be attributed to
i a more uniform dispersion of smaller catalyst particles over the
support Fig. 2 and ii the high catalytic activity of Co/C compos-
ite used as a support Fig. 3.
In order to address the stability of Pt–Co/C catalyst in PEM fuel
cell, the galvanostatic potential transient technique was performed
with a current density of 1.0 A cm−2 using H2 and O2, and the
polarization curves were periodically measured during stability test-
ing. Figure 5a compares the potential transients of the PEM fuel
cells with the new and conventional Pt–Co/C catalysts. The cell
potential for the conventional Pt–Co/C catalyst started to decay after
250 h of continuous operation. For the new Pt–Co/C catalyst, on
the other hand, the potential transient shows an initial potential in-
crease, followed by a steady-state potential profile of 0.65 V. As
shown in Fig. 5b, no degradation of fuel cell performance was ob-
served when polarization curves were measured after 200 and 400 h
of stability testing.
It has been reported that Co leaches out of Pt–Co alloy during
fuel cell operation, since Co is thermodynamically unstable at PEM
fuel cell potentials in acidic environments.7,8 The polymer electro-
lyte membrane Nafion currently in use in MEA is very susceptible
to contamination by Co ions dissolved from the alloy catalyst, due to
the limited amount of protonic sites available in the membrane.7,24
The MEA cross-sectional analysis by EPMA in our previous study
confirmed a significant dissolution of Co from the commercial
Pt–Co/C catalyst followed by diffusion into the membrane.8 The
membrane poisoning by dissolved Co elements resulted in a signifi-
cant deterioration of long-term fuel cell performance.
Figure 6a presents the BSEM images obtained from the cross
sections of the MEA prior to stability testing. The image shows the
five distinctive layers: i cathode GDL, ii cathode Pt–Co/C cata-
lyst layer, iii electrolyte membrane, iv anode Pt/C catalyst layer,
and v anode GDL. The thickness of the cathode Pt–Co/C catalyst
layer was 26 m. Figure 6b illustrates the concentration profiles
of Pt and Co across the fresh MEA and the MEA subjected to sta-
bility testing for 400 h. The data were obtained by EPMA cross
section line scan combined with the BSEM. Since there is no sig-
nificant signal coming from Co in the membrane in the both MEAs,
Figure 5. a Potential transients of the PEM fuel cells measured at a con-
stant current density of 1.0 A cm−2 using the Pt–Co/C catalyst synthesized in
this study and the conventional Pt–Co/C catalyst, and b polarization curves
for the new Pt–Co/C catalyst measured during stability testing. The experi-
ments were performed under the following conditions: i Pt loading on the
anode = 0.5 mg cm−2, ii Pt–Co loading on the cathode = 0.4 mg cm−2, iii
H2 flow rate = 150 cm
3 min−1, iv O2 flow rate = 150 cm
3 min−1, and v
cell temperature = 75°C.
Figure 6. a BSEM images obtained from the cross sections of the fresh
MEA with the Pt–Co/C catalyst developed in this study, and b concentra-
tion profiles of Pt and Co across the fresh MEA and the MEA subjected to
400 h of stability testing, obtained by EPMA cross section line scan.
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the results indicate that Co remains stable in Pt–Co/C catalyst de-
veloped in this study.
The improved stability of Pt–Co/C developed at USC is due to
the following: i the excess Co in the alloy has been removed by
leaching the catalyst in H2SO4 solution only stable Co species re-
main in the carbon composite support; ii surface functional
groups such as oxygen and nitrogen introduced during the prepara-
tion of the carbon composite support inhibit Co migration and dis-
solution; and iii interaction of Pt with Co/C at high temperature
results in formation of a chemically and structurally stable Pt–Co/C
alloy when compared with the conventional synthesis routes involv-
ing Co deposition on Pt/C.
Conclusion
The Pt–Co cathode catalyst for PEM fuel cells was developed
using a synthesis method involving the use of the Co/C composite
as a support and the electroless deposition of Pt on Co/C. The heat
treatment after the electroless Pt deposition led to the alloy forma-
tion of Pt and Co, resulting in a significant increase in the catalytic
activity. The TEM analysis showed that the synthesized catalyst ex-
hibits smaller particle sizes and more uniform distributions on the
carbon, as compared with the conventional Pt–Co/C catalyst. The
new Pt–Co/C catalyst showed improved activity and long-term sta-
bility in PEM fuel cells when compared with the conventional
Pt–Co/C catalyst. The EPMA study combined with BSEM indicated
that Co remains stable in the new alloy catalyst without poisoning
the electrolyte membrane during stability testing.
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